Abstract A probabilistic soil moisture dynamic model is used to estimate the soil moisture probability distribution and plant water stress of irrigated cropland in the North China Plain. Soil moisture and meteorological data during the period of 1998 to 2003 were obtained from an irrigated cropland ecosystem with winter wheat and maize in the North China Plain to test the probabilistic soil moisture dynamic model. Results showed that the model was able to capture the soil moisture dynamics and estimate long-term water balance reasonably well when little soil water deficit existed. The prediction of mean plant water stress during winter wheat and maize growing season quantified the suitability of the wheat-maize rotation to the soil and climate environmental conditions in North China Plain under the impact of irrigation. Under the impact of precipitation fluctuations, there is no significant bimodality of the average soil moisture probability density function.
INTRODUCTION
One of the challenges of ecohydrology is to predict the effect of hydrological processes on ecosystem structure and processes (Rodriguez-Iturbe, 2000; . Soil moisture is the key link between the climate system and vegetation dynamics across time and space Porporato et al., 2002; . The dynamics of soil moisture has been shown to play an important role in controlling ecologic patterns and processes (Rodriguez-Iturbe et al., 1991 , 1999a Porporato et al., 2001; Laio et al., 2001b; Porporato et al., 2004) . Numerous models have been developed to describe the infiltration process and water movement in the soil (Horton, 1940; Philip, 1966; Ahuja et al., 1993) . However, the main difficulty remains in exploring the probabilistic characteristics of soil moisture dynamics as determined by vegetation change and stochastic climate fluctuations. Eagleson (1978) developed a probabilistic method for modelling the dynamics of water transfer in the soilplant-atmosphere continuum (SPAC), and proposed an ecological optimality theory based on soil moisture dynamics. However, Eagleson's (1978) ecological optimality theory is too complicated to be of wide practical use (Hatton et al., 1997) . Rodriguez-Iturbe et al. (1999a) derived an analytic solution of the integrodifferential equation for soil water balance to obtain the steady-state probability distribution for soil moisture at a point. This probabilistic model provides an explicit linkage between temporal soil moisture dynamics and climatic and vegetation processes.
Through the representation of precipitation as a marked Poisson process and a formulation of the rate of infiltration and water losses (i.e. evapotranspiration and deep percolation) depending on the existing level of soil moisture, the model of Rodriguez-Iturbe et al. (1999a) has a strong theoretical basis and can be used to investigate the relationships between soil moisture dynamics and vegetation distribution. The method has been further developed by Laio et al. (2001a) by improving the soil moisture loss function (i.e. the rate of evapotranspiration and percolation as a function of relative soil moisture) used in the model. Based on this theoretical model, Porporato et al. (2001) proposed a dynamic soil moisture stress parameter to quantify plant responses to the stress intensity duration and timing of water deficits. The probabilistic model of Rodriguez-Iturbe et al. (1999a) has been applied to natural ecosystems, such as natural forest and shrub ecosystems with limited testing (e.g. Laio et al., 2001a; Miller et al., 2007) . Liu et al. (2007) used the probabilistic model to study the soil moisture variability in grassland in the Qilian Mountain in China. Vico & Porporato (2010) proposed a framework for analysing the soil moisture distribution for two idealized stress avoidance irrigation schedules, which they call modern micro-irrigation and traditional irrigation. However, in practice a certain level of water stress should be maintained for high water use efficiency. The Rodriguez-Iturbe et al. (1999a) probabilistic ecohydrological model has not been verified by actual (irrigated) cropping systems.
For artificial ecosystems, anthropogenic influences (e.g. cropland irrigation) significantly affect the hydrological mechanisms underlying climate-soilvegetation dynamics and controlling the ecologic patterns and processes. So, it is necessary to verify the suitability of the probabilistic model to estimate soil moisture dynamics of artificial ecosystems and to predict anthropogenic influences on sustainable development. The vegetation water stress indices derived from the model can be used to infer plant suitability to certain environmental conditions and to understand the reasons for ecosystem patterns from the hydrological controls . In this paper, we focus on the soil moisture probability distribution under the wheat-maize double cropping system in the North China Plain (NCP). Identification of the contributions of irrigation and climate fluctuations to soil moisture dynamics helps to evaluate sustainable development in the irrigated cropland in the NCP. Our objectives are: (1) to test the probabilistic water balance model using observed soil moisture data from an irrigated cropland ecosystem in the NCP between 1998 and 2003; (2) to assess the impacts of irrigation on the soil moisture probability density function (pdf) and to estimate the crop water stress; and (3) to predict the average soil moisture pdf under long-term climate fluctuation from 1984 to 2007.
THEORETICAL FRAMEWORK

Original probabilistic soil moisture dynamic model
The fundamental water balance equation is given as follows:
where n is porosity; Z r is root zone depth (mm); t is time (d); s is relative soil moisture, i.e. s = θ/n with θ the volumetric soil moisture content; P is precipitation (mm/d); Q is surface runoff (mm/d); ET is evapotranspiration (mm/d); and L is deep percolation from root depth (mm/d). Rodriguez-Iturbe et al. (1999a) developed a probabilistic model from the water balance equation by considering precipitation as a stochastic process. In this way, the effects of average climate on soil moisture dynamic and water balance can be analysed. Precipitation was idealized as a series of point events in continuous time, arising according to a Poisson process. Under such a point process, precipitation from an individual storm is assumed to occur instantaneously. As such, the infiltration over a growing season can be represented by a sum of instantaneous infiltration events. Infiltration depth is given by the minimum of the depth of precipitation and the remaining soil moisture capacity at the time of the storm. Runoff generation is assumed to be dominated by the Dunne (i.e. saturation-excess runoff) runoff process (Dunne & Black, 1970) . The soil moisture loss function is the core of this model, in which soil water losses include soil evaporation, plant transpiration and deep percolation. Based on the above assumptions, the analytical solution for steady-state soil moisture pdf and long-term water balance components during the growing season were derived. Vico & Porporato (2010) proposed a similar water balance equation but with a term that has irrigation. In this present study, the term P also includes irrigation similarly to Vico & Porporato's (2010) .
Revised soil water losses in irrigated cropland, and weighting pdf
For the irrigated cropland ecosystem considered in this study, soil moisture remains above wilting point (s w ) during most of the growing season. There is no need to detail the evapotranspiration process at relatively low levels of soil moisture (i.e. below s w ) where several more parameters are needed, as proposed by Laio et al. (2001a) . Rodriguez-Iturbe et al. (1999a) assumed that the evapotranspiration rate decreased linearly from the maximum evapotranspiration rate at the threshold s * (i.e. the soil moisture level at which stomata closure begins and water stress is assumed to start) to zero at zero moisture (s equal to 1) (as in Fig. 1 ). Thus, evapotranspiration is divided into two stages: stressed evapotranspiration with 0 < s < s * , and unstressed evapotranspiration with s * < s < 1. Rodriguez-Iturbe et al., 1999a and Laio et al., 2001a ). The terms s * and s fc are the threshold of water stress and the field capacity, respectively; ET max is the seasonal average maximum evapotranspiration rate; and K s is the saturated hydraulic conductivity.
processes is significantly simplified, compared with that of Laio et al. (2001a) , in that it does not include soil evaporation as a separate term. In our experiment, manual microspray irrigation was adopted, and there is no irrigation interception due to it being directly applied at the soil surface rather than over crop canopies. Water loss through deep percolation occurs when the soil moisture is greater than field capacity (s fc ). The rate of percolation is assumed to decay exponentially from a value equal to the saturated hydraulic conductivity at saturation (s = 1), to zero at field capacity (s fc ) . Then the analytical solution of steady-state soil moisture pdf, p(s), can be expressed as given in equation (2), where ET max is the average daily maximum evapotranspiration rate (mm/d); K s is the saturated hydraulic conductivity (mm/d); α is the mean depth of precipitation events (mm/event); λ is the precipitation event frequency (events/d); C is the integration
where
; η = ET max /nZ r ; γ = nZ r /α; constant that can be calculated by the identity 1 0 p(s)ds = 1 (see Laio et al., 2001a) ; and β is the coefficient of exponential relationship between soil moisture and water conductivity dependent on the type of soil. The average soil moisture from the soil moisture pdf (called steady-state soil moisture) can then be achieved similarly to equation (4.11) in Rodriguez-Iturbe et al. (1999a) , expressed as < s > = 1 0 sp(s)ds. The mean rate of water losses from the soil, <ρ(s)>, can be calculated by equation (6.1) in Rodriguez-Iturbe et al. (1999) with the soil-moisture pdf equation (2) as:
where ρ(s) is the water loss function. Consequently, the components of the mean rate of water losses can be calculated as (Rodriguez-Iturbe et al., 1999a; ):
where <ET s >, <ET ns > and <L> are the mean rates of stressed evapotranspiration, unstressed evapotranspiration, and deep percolation, respectively. The volume of water balance components can be calculated as the rates multiplied by the length of growing season. Laio et al. (2001a) pointed out that the probabilistic dynamic model representation corresponds to a length of time in which climate and vegetation conditions remain constant (e.g. the growing season). In a situation where there is considerable variation in climate and vegetation parameters throughout the growing season, more than one set of parameters needs to be estimated corresponding to the different stages of the growing season (Miller et al., 2007) . In this study, the maximum evapotranspiration rate and precipitation parameters usually varied greatly from sowing to harvesting of the crop, especially for the growing season of winter wheat which covered both winter and summer . The winter part of the growing season is characterized by low rates of both evapotranspiration and precipitation, while summer is characterized by extremely high rates of evapotranspiration and precipitation. Therefore, a simple weighting method (Miller et al., 2007) was applied to fit different growing stages during the winter wheat growing season and separate parameters were estimated for each stage. The pdf was weighted by the ratio of the length of the stage to the length of the entire growing period.
where N is the number of divided stages of the growing season; p i (s) refers to the soil moisture pdf of stage i; and f i is the weight of pdf for stage i as the ratio of the length of the specific stage to the length of the entire growing season. In order to predict the impact of irrigation on the soil moisture dynamics and crop responses, the framework of water stress was adapted from Porporato et al. (2001) , where the water stress (ζ ) and mean crossing properties (i.e. duration and frequency of periods below crucial soil moisture points) are derived analytically based on the probabilistic model. The value of ζ is calculated by [(s * -s(t))/ (s * -s w )] q , for s w ≤ s(t) ≤ s * , in which q is a nonlinearity parameter to reflect the effects of soil moisture deficit on plant physiology. Porporato et al. (2001) defined "static" (ζ ) and "dynamic" (θ ) water stress to quantify the level of water stress. The water stress was derived analytically for the revised probabilistic soil moisture dynamic model (Porporato et al., 2001 ). The expression is cumbersome and thus is not reported here. The static water stress, ζ , is a measure of stress intensity, which is the mean value of water stress provided the plant is under stress. The static stress relates to the soil moisture conditions at the time under consideration, and its value is valid for both steady-state and transient conditions. It should be noted that the effect of initial soil moisture condition on the mean value of static water stress is erased due to the memoryless nature of the Poisson process of rainfall (Porporato et al., 2001) .
The dynamic water stress, θ, refers to the combined effect of occurrences of low soil moisture. It synthesizes mean stress intensity (static water stress), duration (referring to the length of the time intervals in which soil moisture below a critical soil moisture point such as s * and s w ), and frequency (referring to the number of such intervals during a growing season) of water deficit periods. The dynamic water stress quantifies the mean total water stress of growing season. The definition of the mean vegetation water stress can be employed to quantitatively assess the how favourable environmental conditions are to some given plant species, and to elucidate the conditions for their survival . For the combination of duration and frequency of water deficit, the initial transient period, i.e. the mean first passage of time, T s * (s o ), to reach s * from an arbitrary soil moisture s o at the start of the growing season (Laio et al., 2001c) , becomes crucially important in the vegetation strategy to cope with stochastic water availability . The effect of T s * (s o ) increases dramatically for effective soil depths greater than 60 cm . The mean total water stress needs to be adjusted by T s * (s o ), as given by Rodriguez-Iturbe et al. (2001b) :
where T seas is the length of growing season (d). In this study, the extended dynamic water stress evaluation was carried out for wheat due to its relatively deep root zone depth and a growing season that covers the dry and cold winter season.
CASE STUDY
Site description
The study area is at the Luancheng Agro-ecosystem experimental station (37 • 53 N, 114 • 41 E; 50.1 m a.s.l.), one of 36 agricultural ecosystem stations of the Chinese Ecological Research Network (CERN).
It is located in a high-yield farming area of the North China Plain (NCP) with a temperate semi-arid continental monsoon climate. The mean annual temperature is 12.2 • C; annual global radiation is 524 kJ/cm 2 . The mean annual precipitation is 438 mm , most of which occurs from late June to September. The experimental site is typical irrigated cropland in the NCP, with a double cropping system of winter wheat followed by maize. The growing season for winter wheat is from the beginning of October to the middle of June the following year, while for maize it is from mid-June to late September. Precipitation cannot meet the water demand of winter wheat; as a result, winter wheat is usually irrigated three to six times in order to maintain a high grain yield. Precipitation in a normal summer can usually satisfy the water consumption of maize, but, during a dry summer, irrigation may also be required. Capillary rise to the soil root zone from the underground water table is negligible due to the depth of the water table (Zhang et al., 2004) .
Data collection
Field experiments were conducted at 16 field plots at Luancheng station from 1 October 1998 to 30 September 2003. Five different irrigation schedules were applied for winter wheat and two for maize (Zhang et al., 2004) . In this study, a water year is defined from 1 October to 30 September in the following calendar year to reflect the wheat season followed by the maize season. For wheat, each plot was irrigated with 80 mm of water to ensure seedling establishment. We focus on Plot 8, which is the most irrigated plot, and for which the irrigation schedule was closest to the actual irrigation practices in the NCP. Table 1 lists annual irrigation and precipitation in Plot 8 during the study period. Plot 16 received the least irrigation treatment and can be regarded as a rain-fed plot. The other fourteen plots had medium irrigation treatments with some extent of soil moisture deficit. Volumetric soil moisture was measured with a neutron probe (Institute of Hydrology, UK). One access tube was installed in each of the 16 experimental plots before 1 October 1998. Soil moisture was measured approximately every five days at 20-cm intervals at depths of 20 to 180 cm. The root zone soil moisture content was calculated by averaging the measurements over the corresponding crop rooting depth. Daily precipitation was measured on site by summing hourly tipping-bucket measurements. Manual spray irrigation was applied through an outlet of a soft plastic tube connected to a groundwater inlet, with a water meter installed to measure irrigation applications. Daily evapotranspiration was determined by using a large-scale weighting lysimeter under typical field conditions . Long-term daily meteorological data recorded at the experimental site were used to calculate the maximum evapotranspiration rate using the Penman-Monteith equation (Allen et al., 1998) .
PARAMETER ESTIMATION Precipitation parameters
Frequency and mean depth At Luancheng station during the growing season of winter wheat the daily average maximum evapotranspiration rate varied from 0.56 mm/d in winter and 4.81 mm/d in summer, calculated by the Penman-Monteith equation. In this study, based on the wheat growing process (Liu et al., 2004; Zhang et al., 2004) , the growing season was divided into four stages: prewinter (1 October-22 November); winter dormancy (23 November-29 February in the following year); spring green-up (1-31 March); and stem-extension to harvest (1 April-10 June). For maize, the growing season was treated as one stage due to the relatively stable precipitation and evapotranspiration . During the crop growing season, the irrigation events were treated as precipitation events and added to the precipitation time series, so that the frequency (λ) and mean depth (α) represent the combined precipitation and irrigation time series. These two parameters were also calculated separately for each stage in the winter wheat growing season (Table 2) .
Inter-annual fluctuations In the long term, hydrological and climatic time series are often Rodriguez-Iturbe (1991) showed that inter-annual fluctuations of precipitation parameters may give rise to separate and distinct statistical modes in average soil moisture distribution with noise-induced transitions between stable modes (wet and dry).
Inter-annual fluctuations of precipitation parameters tend to increase the inter-annual variability of mean duration of water stress periods and their frequency, and can also result in emergence of preferential states in the distribution of these two variables . In order to analyse the impact of both climate fluctuations and irrigation on the average soil moisture pdfs, we adopted a Monte Carlo procedure described by D 'Odorico et al. (2000) to quantify the probability distribution of average soil moisture with the random interannual fluctuation frequency (λ) and mean depth (α) of precipitation and irrigation between 1984 and 2007. By analysing long-term series of precipitation, D 'Odorico et al. (2000) concluded that the distributions of precipitation frequency and mean depth are independent gamma-distributed random variables. In our sampling, pairs of values, (λ, α), were repeatedly sampled from their respective gamma distribution; the corresponding mean values of soil moisture, <s>, were calculated; and then the average soil moisture pdf was determined. Based on the local practices, the following irrigation schedule was assumed:
-winter wheat would be irrigated at a rate of 80 mm per event, five times in low-precipitation years (below the 25th percentile), four times in averageprecipitation years (between the 25th and 75th percentiles), and three times in high-precipitation years (above the 75th percentile). -maize would be irrigated at a rate of 60 mm per event, three times in low-precipitation years, and two times in average-precipitation years; it would receive no irrigation in high-precipitation years.
The coefficient of variation (CV) of the combined precipitation and irrigation frequency and mean depth during the growing seasons between 1 October 1984 and 30 September 2007 are listed in Table 2 .
Soil hydraulic parameters
Hydraulic parameters of the soil profile are listed in Zhang et al. (2002) , and are reproduced in Table 3 . The parameter Z r , defined as the effective soil depth, in which more than 95% of the root biomasses was found, is 180 cm for winter wheat and 80 cm for maize (Zhang et al., 1999) . Soil parameters such as soil porosity (n), field capacity (s fc ), and wilting point (s w ) are determined by averaging the measurements over the corresponding effective soil depth.
Parameters for evapotranspiration and percolation
Soil water losses include evapotranspiration and deep percolation. Evapotranspiration is controlled by two critical parameters: the maximum evapotranspiration rate, ET max , and the threshold, s * . The ET max parameter was estimated by the Penman-Monteith equation at the daily time scale during the growing season, while s * depends on both vegetation characteristics and soil properties Miller et al., 2007) . The soil moisture potential corresponding to s * has a wide range from -0.3 to -0.009 MPa (Miller et al., 2007) . We used the data from plots 1, 2 and 3 to optimize the parameter s * . The value of s * was obtained by model calibration to achieve a maximum NashSutcliffe coefficient of model efficiency. Average s * in the root zone was obtained as the arithmetic average of the three optimized values of s * , and this average s * was then used for simulation in plots 5, 6 and 8. The saturated hydraulic conductivity was measured at 20-and 40-cm depth, and at 40-cm intervals between depths of 40-200 cm (Sun, 2007) . The parameter K s was determined by averaging the measurements over the corresponding effective soil depth. The exponential coefficient, β, was determined based Zhang et al., 2002. (b) Zhang et al., 1999. (c) Laio et al., 2001a. (d) Sun, 2007. (e) Mean value: 1.85, 0.56, 2.31, and 4.81 for the pre-winter, winter dormancy, spring green-up, and stem-extension to harvesting stages, respectively.
on soil texture (loam soil) from Table 1 of Laio et al. (2001a) .
Validation criteria of diagnostic variables
The performance of the calibration method was measured by three different approaches: the Nash-Sutcliffe coefficient of model efficiency (NSE), the root mean squared error (RMSE), and the Kolmogorov test statistic (T k ) (e.g. Conover, 1980) :
where M is the number of samples; p(s) pre.i and p(s) obs.i are the soil moisture pdf from estimation and measurement of the samples, respectively; p(s) obs is the mean value of observed soil moisture pdfs; and F(s) and G(s) are the soil moisture cumulative density function of estimated and measured the samples, respectively. A NSE value equal to one indicates a perfect match between the observed pdf and the estimated pdf. The RMSE measures the discrepancy between the estimated and measured soil moisture pdf; the closer they are to 0, the better the fit between observed and estimated results. The Kolmogorov test statistic, T k , is simply the maximum vertical difference between estimated and measured cumulative density functions. The T k values can be compared with the asymptotic critical values to evaluate the consistency between empirical and modelled soil moisture distribution. The critical value of T k is 1.36 at a significance level of 0.95 (Conover, 1980; Potter, 2005) . Figure 2 shows the comparison between observed and estimated soil moisture pdfs and cumulative density functions at Plot 8. The estimated soil moisture pdfs with calibrated parameters captured the main soil moisture distribution characteristics, such as peak height, peak position and span width. The cumulative density functions are compared on the right-hand side of Fig. 2 . Similar to the behaviour of soil moisture pdfs, a better fit between the estimated and observed pdfs is exhibited in the cumulative density function for wheat. The estimated steady-state average soil moisture is 0.587 for the winter wheat season and 0.598 for maize. The calibrated s * is 0.705 for winter wheat and 0.568 for maize. The shape of the soil moisture pdfs is similar to that derived for a typical forest in a temperate climate region (Rodriguez-Iturbe et al., 1999a; Laio et al., 2001a) . The model performance was further evaluated at plots 5 and 6. The model performed reasonably well for all the three plots under both crops (Table 4 ). The value of T k between observed and estimated cumulative density functions was less than 1.36. In addition, for winter wheat we evaluated the applicability of the probabilistic model on soil moisture pdf estimation with seasonal average parameters (i.e. ET max , λ and α). During the winter wheat season at Plot 8 the agreement (NSE = 0.81 and T k = 0.64) between the observed soil moisture pdf and the estimated soil moisture pdf ( Fig. 2(a) , dashed line) calculated using seasonal average parameters is less than that obtained by weighting individual pdfs of the four stages (NSE = 0.93 and T k = 0.28). For plots 5 and 6, the values of NSE were -0.22 and 0.35, and T k = 2.54 and 1.7, respectively for wheat seasonal average parameters. The disagreement between observed and estimated soil moisture pdfs in plots 5 and 6 is due to the influence of soil moisture deficit during the wheat season. Intensive cropping results in the evapotranspiration rate greatly exceeding the local rainfall, so that supplemental irrigation is essential, especially for wheat . Without sufficient irrigation, a decline in average soil moisture means that the "steady-state" soil moisture pdf assumption is no longer satisfied (i.e. the timeinvariant pdf refers to the idea that soil moisture fluctuates within an unchanging envelope of variability) . The lower the irrigation amount (282 mm at Plot 5 and 303 mm at Plot 6), the greater the soil water deficit and the greater the difference between the observed and estimated soil moisture pdfs. The largest difference was observed at Plot 16 (NSE = -2.19, T k = 3.82), since it had the lowest irrigation amount of 147 mm. We discuss the reasons for this in more detail in the next section. However, it should be noted that the estimated The maize soil moisture pdf with the lowest irrigation rates is shown in Fig. 3 Table 3 . α = 11.72 mm/event. Significant differences were found in the pdfs between Plot 8 and Plot 16 for the maize. The soil moisture pdf was shifted towards the drier side due to lower total irrigation, in which average annual irrigation was 151 mm at Plot 8, and 70 mm at Plot 16. The amount of precipitation can usually meet the water consumption for maize growing in a normal summer, and the soil water deficit is generally small.
RESULTS
Model performance on soil moisture distribution
In Fig. 4 , the influence of the growing season of both winter wheat and maize on the annual average soil moisture pdfs is investigated by using annual average ET max , λ and α, and s * averaged over the year, weighted by the length of the growing season. The agreement between the estimated and observed annual soil moisture pdfs is satisfactory for Plot 8 with NSE = 0.9. However, due to the soil water deficit during the wheat season, the NSE for plots 5 and 6 is 0.47 and 0.72, respectively, and the smallest efficiency (NSE = -0.32) was found at Plot 16. These results suggest that the effects of different growing seasons on the annual soil moisture pdf are properly embedded by annual averaged climate, vegetation and soil parameters. The probabilistic model adequately described the steady-state water balance.
Long-term water balance
The mean annual estimates of water balance components for the three irrigated plots in the period 1998-2003 are summarized in Table 5 . The estimated evapotranspiration and deep percolation are comparable to those measured by large-scale weighting lysimeter with normal irrigation application for Plot 8, and estimated by a three-layer soil water balance model for plots 5 and 6 (Jiang et al., 2008) . At Plot 8 the agreement of estimated and measured annual average evapotranspiration and percolation suggests that the model is capable of estimating steady-state water balance components. The difference is partly due to the probabilistic model not considering the difference between initial and final soil moisture during the growing season. The exclusion of initial and final soil moisture leads to relatively inaccurate estimates of the water balance component for each year, especially for extremely dry or wet years. For dry years the initial soil moisture is an important source of soil water, while for wet years the final soil moisture can remain to be used in the next season.
Plant water stress
The revised probabilistic model was used to examine plant water stress. For wheat the water stress was estimated based on seasonal average parameters, and the results are similar to those obtained by weighting the individual water stress of four stages. The extended dynamic water stress (i.e. equation (8)) was adapted Table 5 Comparison between probabilistic model evaluated steady-state soil water balance components (ET p , and L p ) and actual evapotranspiration, ET a , and leakage, L a , measured by large-scale weighting lysimeter on Plot 8 and evaluated by a three-layer soil water balance model on plots 5 and 6 (Jiang et al., 2008) during the period 1998-2003 at Luancheng station. 
(a) estimated by soil water balance model (Jiang et al., 2008) . to exclude the effect of initial soil moisture condition. The estimated static water stress, ζ , is 0.37 for wheat and 0.35 for maize with q = 1, as shown in Fig. 5 . However, for a nonlinear parameter (q = 3) the estimated static water stress is higher for maize (ζ = 0.32) than that for wheat (ζ = 0.21), and the difference is more pronounced in this case. Lower values of ζ are generally obtained with higher values of q (Porporato et al., 2001) . The nonlinear relationship gives more weight to relatively low soil moisture (approaching s w ), and shows that the distribution of soil moisture is closer to s w for the maize season, while for wheat the distribution of soil moisture is close to s * . For maize the lower (s * -s w ) value and relatively high evapotranspiration rate result in a higher frequency of departure down to soil moisture levels associated with a higher level of static stress .
For more comprehensive dynamic water stress estimation for wheat, equation (8) is needed to exclude the impact of initial soil moisture conditions. For the wheat season, the field was well irrigated to ensure better seedling establishment and the initial soil moisture of the growing season was close to s fc . The estimated mean first passage time, T s * (s fc ), for wheat is 106 days. During the pre-winter stage (51 days) the estimated soil moisture is above s * , on average. In all the treatments, irrigation was applied before the winter dormancy stage and the initial soil moisture of this stage was close to s fc . The estimated soil moisture remains above s * during the winter dormancy stage (102 days) and this coincides with the fact that, during the cold winter, the wheat grows very slowly with extremely low evapotranspiration rate, and soil moisture remains at a relatively high level. Therefore, the calculation of dynamic water stress for the wheat season is determined by equation (8) with T s * (s fc ) = 153 d (combination of pre-winter and winter dormancy stages). However, there is no need to consider the effect of initial soil moisture condition for the maize season, because there was no irrigation application before seeding and maize exhibits a quick response to precipitation during the warm growing season . Figure 5 shows the dynamic water stress for winter wheat (θ = 0.25) and maize (θ = 0.25) under the impact of irrigation, with q = 1. Otherwise, θ = 0.15 for wheat and θ = 0.23 for maize with q = 3. The difference of θ between the two crops is higher with a nonlinear parameter. However, the approximate equality of dynamic water stress could explain the viability of both crops in the NCP, and shows how different types of water use by both plants and different irrigation schedules during crop seasons can lead to similar conditions of stress.
Average soil moisture probability density function Figure 6 shows the impact of long-term precipitation fluctuation between 1984 and 2007 on average seasonal soil moisture pdfs with irrigation at Luancheng station. The average soil moisture estimated with seasonal average parameters for winter wheat is close to that estimated by weighting individual average soil moisture of the four growing stages (see the section on Model performance on soil moisture distribution). However, the pronounced bimodal behaviour that has been hypothesized by Rodriguez-Iturbe et al. (1991), and D'Odorico et al. (2000) , and also observed by experiment (Salvucci, 2001; D'Odorico & Porporato, 2004) was not observed in this study. This is partly due to the relatively low level of climate fluctuations (see Table 2 ) resulting from the combination of irrigation and precipitation in the estimation of the parameters.
DISCUSSION
Probabilistic modelling of soil moisture dynamics and water balance
The comparison between estimated and observed soil moisture pdfs in the Results Section above showed that the probabilistic model is capable of predicting the soil moisture distribution in irrigated cropland ecosystems when there is no significant soil moisture deficit. For wheat, at plots 5 and 6, the estimated soil moisture pdf is drier than observed and this may Tables 2  and 3. be due to the fact that the assumption of steadystate soil moisture was not met at these two sites. For maize, the precipitation could meet the water demand of its growing season, the soil moisture deficit was limited and the probabilistic model can represent the soil moisture distributions for all the irrigation treatments.
It is useful here to review the assumption of Rodriguez-Iturbe et al.'s probabilistic model (Rodriguez-Iturbe et al., 1999a; Laio et al., 2001a; . The steadystate soil moisture pdf is independent of the initial soil moisture (i.e. dp(s)/dt = 0) . For most cases of natural forest and shrub ecosystems, such as in Africa (e.g. Nylsvley) and the short grass steppe of Colorado (Laio et al., 2001a,b) , it is generally appropriate to use the steady-state pdf to describe the soil moisture distribution during the growing season, since, starting with a dry soil, a couple of storms will erase the impact of the initial condition. However, this is not the case for the evergreen forests in eastern Amazonia (Nepstad et al., 1994) , and temperate forests in the northwest USA , where the initial condition of the growing season is very important to overcome the dry and cold winter . The transition from initial conditions to steady-state conditions is controlled by the climatic seasonality, the effective soil depth, the ratio of water losses and precipitation input . In this study, the wheat season covers the winter with scarce precipitation, but includes irrigation before seeding and winter dormancy, so a better seedling establishment of winter wheat was ensured and it could survive the cold winter. The extremely low evapotranspiration rate and deep effective soil depth make the estimated mean first passage time go through the first two growing stages of the wheat season. Thereafter, an extended definition of water stress was employed to account for the high initial soil moisture. For the soil moisture pdf modelling, dividing the wheat growing season into four stages could reduce to some extent the impact of soil water deficit during the wheat season (such as for medium irrigation treatment: plots 5 and 6, shown in Table 4 ). However, it was difficult to model the soil moisture pdf at Plot 16 due to significant soil moisture deficit during each stage of the growing season.
Mean annual water balance
The mean annual water balance components were also reasonably well estimated by the model. However, due to the exclusion of the impact of initial soil water, the predictions of annual water balance from the probabilistic model were less accurate when initial soil moisture varied greatly from year to year. For example, at Plot 8, the 2000/01 estimated annual evapotranspiration from the probabilistic model is 669 mm (precipitation plus irrigation is 678 mm), while the measured value by large-scale lysimeter is 814 mm, due to the fact that the soil moisture was depleted throughout the year. Conversely, the 2002/03 estimated annual evapotranspiration at the same plot is 894 mm by the probabilistic model (precipitation plus irrigation is 1155 mm), while the large-scale lysimeter value is 848 mm, since the soil retained the water for the next year.
Impact of irrigation on dynamic water stress
As noted in the Results Section above, the estimated values of water stress for the irrigated cropland ecosystem are lower than those of natural ecosystems, as estimated by Laio et al. (2001a) . Figure 7 shows that, for maize, with a seasonal irrigation amount increasing at 20 mm intervals, the dynamic water stress was estimated through changes in λ for a given water supply (i.e. sum of precipitation and irrigation) by q = 1. The figure suggests that the dynamic water stress decreases nonlinearly with increase in water supply. The dynamic water stress reduces significantly with increasing irrigation when the water supply is low (i.e. seasonal water supply <360 mm), while for the seasonal water supply >400 mm, the reduction in the dynamic water stress becomes less sensitive to increases in irrigation. This sensitivity of dynamic water stress is similar to the sensitivity of evapotranspiration with increasing water supply proposed by Zhang et al. (2004) and Liu et al. (2002) for the Luancheng station; they found that seasonal evapotranspiration increases as the water supply increases to about 400 mm; it then remains approximately equal to the maximum value of 423 mm without water deficit. This is also consistent with the variation of biomass suggested by Sun (2007) , who found that, for water supply more than approx. 400 mm, the increase of biomass is limited during the maize growing season in the NCP. This agrees qualitatively with the hypothesis of Rodriguez-Iturbe et al. (1999b) that minimum water stress corresponds to maximum Table 3 .
evapotranspiration as equivalent to maximum productivity. In addition, for a constant water supply, especially for small amounts, the minimum dynamic water stress achieved corresponds to an intermediate value of λ (Fig. 7) . This is due to the dependence of the crossing characteristics of the threshold s * on the interplay between water supply frequency and amount, when the total amount of water supply remains fixed (Porporato et al., 2001) . The maximum frequency and minimum duration of water deficit periods corresponds to the same intermediate value of λ, especially for dry conditions. The combination of higher frequency and smaller duration of water deficit period inhibits permanent damage so is more suitable for plant survival than the opposite situation (Porporato et al., 2001) . With high water supply, the small dynamic water stress moves toward large values of λ. The water stress can be reduced by adjusting the irrigation frequency and mean depth with a fixed irrigation amount.
Average soil moisture distribution
This study also evaluated the impact of fluctuations in precipitation and irrigation on the average soil moisture pdfs. No pronounced bimodal behaviour of average soil moisture was observed under interannual variability of precipitation and irrigation based on the period 1984-2007. However, we observed a change in peak position and peak value of the average soil moisture distribution caused by the long-term fluctuations of precipitation and irrigation. Figure 6 represents the probability distribution of seasonal average soil moisture, p(<s>), resulting from the random inter-annual fluctuation of α and λ through a Monte Carlo procedure. There are several aspects to the uncertainties of the average soil moisture distribution obtained using a Monte Carlo procedure. This method is applied using climate trends of . The accuracy of the interpolation of the long-term average soil moisture distribution depends on the availability of climate data. We have high confidence for the decade-to-century time scale sample data and lower confidence where there are limited or no sample data. The Monte Carlo procedure could be producing biased values with the assumption that the distributions of precipitation frequency and mean depth are independent gamma-distributed random variables. The neglect of crop canopy interception in the model may also lead to a slight overestimation of the soil moisture distribution probability.
CONCLUSIONS
A probabilistic soil moisture model, based on the model proposed by Rodriguez-Iturbe et al. (1999a) was used to estimate soil moisture distribution and water balance of irrigated cropland in the NCP. The soil moisture distribution and water balance were modelled for winter wheat and maize growing seasons. The probabilistic model is capable of estimating the steady-state soil moisture distribution and steadystate water balance of irrigated cropland when there is no significant soil moisture deficit. During the wheat growing season, insufficient irrigation leads to large soil water deficits. The larger the soil water deficit, the greater the difference between estimated and observed soil moisture pdfs. For maize, the agreement between estimated and observed soil moisture pdfs is high for different irrigation treatments since there is less soil water deficit. By dividing the crop growing season into sub-stages, in which the parameters can be considered constant, the influence of the soil water deficit on the modelling of the soil moisture pdf can be diminished to some extent.
The estimation of water stress evaluates quantitatively the ecohydrological mechanism underlying an irrigated cropland ecosystem that has a water supply from both precipitation and irrigation. Analysis of irrigation impact on dynamic water stress suggests that the decreasing trend of dynamic water stress coincides with increasing trends in evapotranspiration and biomass as water supply increases. The results provide new insights into the combination of precipitation and irrigation to produce conditions for survival of crops, as well as knowledge on the complementary relationship between vegetation water stress and productivity.
The average soil moisture distribution is affected by the annual variation of water supply through a movement of the peak position and peak value. Irrigation reduces the variation of water supply to the system and leads to no pronounced bimodality of the average soil moisture pdf. The variation of average soil moisture could cause extra difficulties in water management for irrigated cropland.
